One contribution of 20 to a discussion meeting issue 'Biological and climatic impacts of ocean trace element chemistry'.
nitrogen (N) cycle. It is produced and consumed throughout the ocean by the dominant processes driving the distribution, availability and speciation of N. However, the accumulation of nitrite is typically confined to depths near the base of the sunlit euphotic zone and in oxygen-deficient zones. These features are known as the primary and secondary nitrite maximum (PNM and SNM), respectively. The processes controlling nitrite accumulation in these features are not fully understood, but are thought to depend on the microbial community composition and its response to environmental conditions. A variety of approaches have been applied to understanding these features since their discovery, with the stable N and oxygen (O) isotope measurements of nitrite being added to this toolkit most recently. Large variations in nitrite N isotope ratios ( 15 N/ 14 N) and dramatic depletions in 15 N contrast with more consistent nitrite O isotope ratios ( 18 O/ 16 O) in the SNM. These signals provide unique information about the mechanisms of nitrite consumption in the SNM. By contrast, nitrite in the PNM shows less variation in 15 N/ 14 N, but variations in 18 O/ 16 O that provide insight into the mechanisms and rates of N cycling there. This review presents a synthesis of nitrite isotope measurements in the marine environment, highlighting the insights that have been gained from these measurements.
This article is part of the themed issue 'Biological and climatic impacts of ocean trace element chemistry'. 
Introduction
(a) Nitrite distribution in the ocean, introduction of primary and secondary nitrite maximum
) is an intermediate in many nitrogen (N) cycle transformations. As a substrate used by many organisms for energy production, nitrite rarely accumulates in the ocean. Within and near the base of the euphotic zone, however, nitrite can accumulate in a feature termed the primary nitrite maximum (PNM; figures 1 and 2). In surface waters, nitrite may be produced during ammonia (NH 3 ) oxidation and consumed during nitrite oxidation (figure 2). It may also be produced during assimilatory nitrate (NO − 3 ) reduction and consumed by nitrite assimilation. One hypothesis for the formation of the PNM rests on light inhibition of ammonia and nitrite oxidation [1, 2] , with nitrite-oxidizing bacteria (NOB) taking longer to recover from light stress than ammonia oxidizers [3] . Another hypothesis, also tied to light availability, is the idea that phytoplankton (primarily diatoms) release nitrite, an intermediate in nitrate assimilation, when they receive insufficient light [4, 5] . This process will be referred to as 'partial nitrate assimilation' below. Light levels at the depth of the PNM may thus be too low to allow nitrite assimilation by phytoplankton but too high to allow nitrite oxidation by NOB.
Experimental evidence from both field and laboratory studies supports the action of both of these mechanisms, with variation from site to site [6] [7] [8] . This may not be surprising given that the depth distribution of the PNM and its maximum concentration are also highly variable between regions, with concentrations ranging from 0.1 to over 2 µM [6] . As yet, no unifying theory explains the extent and mechanism of nitrite accumulation in the PNM. With the discovery of ammonia-oxidizing archaea (AOA) as an important player in the marine nitrogen cycle, the lightdependence of ammonia oxidation has required reassessment [9, 10] , but the consistent presence of a PNM around the 1% light level strongly suggests a dependence on the light environment. To the extent that nitrification plays a role in formation of the PNM, this could be an important near-surface source of nitrous oxide (N 2 O) to the atmosphere, and thus the activity of ammonia oxidizers is important to understand in this feature.
In oxygen-deficient zones (ODZs), dissolved oxygen (O 2 ) concentrations fall below 10 nM [11, 12] and nitrite accumulates in a secondary nitrite maximum (SNM; figure 1) [13] . It is thought that nitrite in the SNM is produced mainly by dissimilatory nitrate reduction (figure 2), an alternative respiratory mechanism that becomes favourable when oxygen is limiting [14] [15] [16] . Nitrite in the SNM can be consumed by nitrite reduction to nitric oxide (NO), N 2 O and nitrogen gas (N 2 ) during denitrification, or reduction to N 2 with ammonium (NH + 4 ) during anaerobic ammonia oxidation (anammox) [17, 18] (figure 2). Nitrite may also be oxidized back to nitrate by NOB and bacteria carrying out anammox [19] [20] [21] (figure 2). Why nitrite accumulates in the ODZ is not well understood, however. Organic matter may limit further reduction of nitrite to N 2 during denitrification, as shown by enhancement of denitrification by organic matter addition experiments [22, 23] . The relationship between depth-integrated denitrification rates and overlying productivity [24] , as well as the depth distribution of denitrification tracking organic matter flux [23] , also suggest a dependence of nitrite reduction on organic matter supply. The activity of anammox is also dependent on organic matter supply, through the requirement for a supply of ammonium [25] [26] [27] . However, the rate of anammox is thought to be more consistent than that of nitrate reduction and denitrification, and thus may be decoupled from denitrification to some extent [25, 27, 28] . Most NOB are believed to require O 2 for respiration, although the utilization of alternative electron acceptors has been shown in some NOB [29] [30] [31] . Even though NOB have a high affinity for O 2 [21, 24, 32] , O 2 supply most likely controls the rate of nitrite oxidation in the SNM.
The fate of nitrite produced under anoxic conditions is an important consideration for the global marine N budget and thus the marine carbon cycle. If nitrite is reduced to N 2 gas via anammox or denitrification, dissolved inorganic N (DIN) consisting of its most bioavailable and Arabian Sea (d) show a distinct primary nitrite maximum (PNM) and secondary nitrite maximum (SNM). In some coastal regions, the isopycnals containing the SNM are lifted into the euphotic zone, and there is potential merging of PNM and SNM features and processes.
is lost from the marine reservoir, with a corresponding reduction of ocean fertility. If nitrite is reoxidized to nitrate, bioavailable N is retained for further phytoplankton production and carbon fixation. This review focuses on the insights into the sources and sinks of nitrite as well as the rates of its turnover that have been gained through the measurement of natural abundance stable isotopes of nitrite in the ocean.
(b) Isotopic fractionation associated with nitrite production and consumption
The use of nitrite stable isotopes to track processes involved with N cycling relies on knowledge of the stable isotopic fractionation, or kinetic isotope effect (ε), associated with the relevant processes. A summary of culture-based kinetic isotope effect measurements is given for reference (table 1 ). An isotope effect arises from small differences in the rates at which molecules containing the heavy and light isotopes react. If the reaction follows the first-order kinetics, then the nitrogen isotope effect ( 15 ε) is equal to ( 14 k/ 15 k − 1) × 1000‰, where 14 [50, 51] . Application of these individual isotope effects to interpret isotopic distributions in the environment requires more sophisticated models that account for multiple processes acting on substrate and product pools at the same time [52] [53] [54] [55] [56] [57] . This is complicated by the wide range of fractionation factor estimates for individual processes (table 1) , which may result from differences at the species or enzyme level, growth conditions or rates of reaction [38, 42, 44] . Moreover, substrate limitation [39] or physical circulation [58, 59] may cause the isotopic effect of processes to be under-expressed in the environment, leading to increased uncertainty in the rate and relative importance of specific processes. Having multiple stable isotopic tracers-different species and isotopes-as well as mass balance constraints can lead to more accurate models, and a better understanding, of the marine N cycle in a variety of environments.
N cycling in the primary nitrite maximum
Nitrite N and O isotopes have brought unique insights into the sources, sinks and turnover time of nitrite in the PNM [7, 60] . As introduced earlier, studies have shown that accumulation of nitrite in the PNM may be linked to nitrification, whereby the rate of ammonia oxidation exceeds nitrite oxidation, or to partial nitrate assimilation by phytoplankton [6, 8] . While the δ 15 N NO 2 values of these sources are expected to be similar [60] , δ 18 O NO 2 measurements have the potential to distinguish between these sources because of the distinct source values they are expected to produce (figure 3). While there has been considerable investigation of the δ 18 O NO 2 source from ammonia oxidation [46, 45] figure 3 ). However, the O isotope effect for nitrite oxidation is small [49] , and therefore of little influence on δ 18 O NO 2 . The O isotope effect for nitrite uptake, the other potential consumption process in the PNM, is unknown but is also likely to be small, like N isotope fractionation by this process [40] . Overall, little change in δ 18 O NO 2 is expected to result from nitrite consumption in the PNM, and the δ 18 O NO 2 should largely be set by the relative importance of ammonia oxidation and nitrate reduction (source mixing; figure 3 ) and abiotic equilibration.
Furthermore, because the abiotic oxygen atom equilibration between nitrite and water occurs at a predictable rate (based on ambient temperature and pH), the δ 18 O NO 2 value can be used to estimate the rate of biological turnover of nitrite in the PNM. This has been done using a steady-state model balancing nitrite production, consumption and equilibration as well as a time-dependent model enacting each of these processes sequentially [60] . Application of this 2 ,eq ), although nitrate reduction was supported in some cases. The rate of nitrite turnover was estimated to be on the order of weeks to months, rather than hours or days. This may initially seem surprising, but it is consistent with relatively low rates of nitrification in nearsurface waters (3-5 nM d −1 ), low rates of nitrite leaked by phytoplankton (less than 1 nM d −1 ), and the ambient concentration of nitrite in these features (100-400 nM) [6] . Additional studies will be required to further calibrate this approach to study N cycling in the PNM and to address the uncertainties in O isotopic systematics for nitrite production and consumption by phytoplankton. The size of the PNM varies widely from region to region, with low nitrite concentrations in some oligotrophic PNMs [64] and surprisingly high concentrations in others [6] . In some regions, measurable nitrite concentrations extend all the way to the surface (e.g. [40] ). A unifying theory to explain variations in surface ocean nitrite in different regions is greatly needed, and nitrite stable isotopes can be powerful tools for addressing this need. Wider application of nitrite isotope measurements in combination with microbial community and activity analyses will enable better identification of patterns and controls on δ 18 O NO 2 and δ 15 N NO 2 variations, and by extension nitrite sources and sinks, in a variety of different regimes (depth, light environment and nutrient conditions). A recent study has implicated enzymatic interconversion between nitrate and nitrite as a mechanism for 15 N depletion of nitrite within the Antarctic zone surface mixed layer [65] . While this environment is distinct from the eastern tropical Pacific in several ways, there are also physiochemical similarities between the deepening mixed layer in the late summer/autumn Antarctic zone and the enhanced vertical mixing in upwelling systems. The extension of the proposed nitrate/nitrite interconversion mechanism to regions outside of the Antarctic is of high priority for investigation. Gaye et al. [75] Altabet et al. [72] Casciotti et al. [ [70] (black circles) and Buchwald et al. [71] (white circles) are included. In the ETSP, datasets from Altabet et al. [72] (crossed squares), Casciotti et al. [55] (white squares), Bourbonnais et al. [73] (black squares) and Hu et al. [74] (grey squares) are included. In the Arabian Sea, data from Gaye et al. [75] 
N cycling in oxygen minimum zones (a) Nitrate dual isotope measurements
The Eastern Tropical North Pacific (ETNP) has a long history of N isotope work to supplement knowledge on regional denitrification derived from excess N 2 and DIN deficits. DIN deficit is derived from the difference between an expected DIN concentration, based on phosphate or oxygen concentrations, and the observed DIN concentration [66] [67] [68] [69] . The advent of nitrate dual isotope measurements opened a new window on N cycling in and around ODZs (figure 4). [76] . Previous studies had suggested that N 2 fixation may be important in waters overlying ODZ regions [67, 77, 78] , but Sigman et al. [52] showed that the rate of N 2 fixation would need to be about 65% that of nitrite reduction to N 2 in order to explain the nitrate dual isotope signatures. An alternative explanation for the nitrate isotope anomaly in the ETNP was for nitrite oxidation to make up 30-50% of nitrite consumption. This appeared reasonable given that the region of the study was outside of the SNM (contained no nitrite), but fuelled further investigation into the role of nitrite oxidation in and around ODZs.
The extension of these findings to ODZ regions containing an SNM was pursued in later studies. Similar observations of δ 15 [72] [73] [74] , indicating that nitrite oxidation may have less of an effect on the nitrate isotopic composition at high extents of nitrate consumption within the eddy and the coastal ODZ. This view is supported by the nitrite isotopes, which primarily show the effect of nitrite reduction at these stations (discussed below).
In the Arabian Sea, Gaye et al. [75] hypothesized that the bimodal nature of the nitrite profile in the SNM was due to nitrite consumption by anammox within the core of the ODZ and nitrite oxidation above and below the core. Their conceptual model included a reducing ODZ core situated between nitrifying layers above and below the core, similar to that modelled by Anderson et al. [80] and supported by instantaneous rate measurements that show vertical zonation in the ODZ [81] [82] [83] . (15, 18) values also highlighted a zonation of biogeochemical processes between the denitrifying layer in the core of the ODZ (near-zero (15, 18) ) and two regions of nitrification above and below the core of the ODZ, where nitrite oxidation may play an important role in regenerating nitrate and decoupling δ 15 N NO 3 from δ 18 O NO 3 . The dual isotopes of nitrate are thus a powerful constraint on the processes governing nitrate availability and provide insight into regions where nitrite oxidation may be important. However, owing to the large number of processes affecting nitrite and nitrate, additional tracers are needed to constrain the fates of nitrite in the SNM, such as those provided by nitrite isotopes. Casciotti et al. [55] Bourbonnais et al.
[73] Hu et al. [74] Gaye et al. [75] Buchwald et al. [71] In each panel, contours indicate the ratio of nitrite oxidation to nitrate reduction in a steady-state model [48] . Symbols are as in figure 4 . In the ETSP, there appears to be good consistency between different datasets. This contrasts to the apparent difference in trends between the ETNP and ETSP. The ETNP, in particular, appears not to be well described by this simple steady-state model.
(b) Paired nitrite and nitrate N isotope measurements
Casciotti & McIlvin [70] made the first isotopic measurements of nitrite in the ocean, which showed that nitrite in the SNM is very depleted in 15 N relative to nitrate (figure 5a). Depletion of 15 3 , and a correspondingly higher δ 15 N. Using this approach, nitrite oxidation was found to be important for nitrite consumption at the very top of the SNM in the ETNP [70] . Investigation of the isotope systematics for nitrite oxidation [48, 49] showed that it has an inverse isotope effect for both N and O, though more so for N. This observation helped explain the very low δ 15 In addition to fitting observations on the upper and lower edges of the ODZ, the isotope effect for nitrite oxidation helped explain the nitrate and nitrite isotopic signals throughout the ODZ [48] . Based on the δ 15 N values within the ETNP ODZ (25-40‰), nitrite oxidation appeared to account for 20-90% of nitrite consumption (figure 5a). Whether these signals were due to activity of NOB in the ODZ, or activity on the fringes and mixing of the signals inward is yet to be resolved. Periodic injections of O 2 into the ODZ could potentially support nitrite oxidation under low-oxygen conditions, although a recent study hypothesized that rapid interconversion of nitrate and nitrite may be catalysed by NOB operating under unfavourable physiological conditions, including those in ODZs [65] . Much of the later δ 15 N NO 2 data from the Costa Rica Dome (CRD) in the ETNP [71] (figure 5a) falls outside of expectations from the simple steady-state model (F NXR /F NAR > 1), implying that this framework may not apply in all cases. Given that the CRD is outside the main core of the ETNP ODZ, it is reasonable to expect that nitrite production and consumption are not in steady state and that nitrite oxidation might have consumed a considerable amount of nitrite at this location.
Gaye et al. [75] interpreted nitrite and nitrate isotope measurements from the Arabian Sea ODZ in the context of a more sophisticated box model to investigate the contributions of nitrite reduction and nitrite oxidation to consumption of nitrite in the ODZ. Assuming that dissimilatory nitrate reduction was the sole source of nitrite in the ODZ, this study concluded that nitrite reduction removed 40% of the nitrite produced, while nitrite oxidation removed 25%. Nitrite accumulation and advection from the region represented 35% of the nitrite produced within the ODZ. Nitrite is likely to be oxidized when it is mixed or advected beyond the boundaries of the ODZ. These contributions from nitrite oxidation and reduction best explained the low δ 15 N NO 2 and large δ 15 N values observed in their data. Without nitrite oxidation in the model, they could explain the magnitude of nitrate 15 N enrichment, but not nitrite 15 N depletion. If viewed in the simpler steady-state model described above (equation (3.1) ), many of the data fall near the contour representing 90% nitrite consumption by oxidation (figure 5c). Again, this seems unlikely to represent a steady-state condition within the ODZ, but may reflect a late-stage imprint of nitrite oxidation on a more extensive nitrite reduction signal. Assuming that the accumulated nitrite is eventually oxidized, the contribution from nitrite oxidation might be expected to be more like 60%, given the results of the Gaye et al. [75] analysis.
Nitrate and nitrite isotope samples have also been analysed from several studies in the ETSP. These samples span a range of conditions that extend from offshore ODZ waters [55, 73, 84] N values (35-40‰) . However, δ 15 N values up to 51-59‰ were observed at high extents of nitrate consumption in the core of the ODZ. These elevated δ 15 N values were hypothesized to be due to a large inverse kinetic isotope effect for nitrite oxidation associated with anammox [73] . However, based on the location of these elevated δ 15 N values, they could also be due to the high extents of nitrate and nitrite consumption inside the eddy, which clearly is not in steady state. In a closed system, δ 15 N can increase beyond 15 ε NAR without the action of nitrite oxidation due to the expected relationship between the δ 15 N of substrate and product (in this case nitrate and nitrite, respectively) in a Rayleigh model [55] . From this discussion, it is clear that a more complicated relationship between δ 15 N and F NXR is likely to hold than is expressed in equation (3.1) . While this initial analysis provided useful intuition about the relative importance of nitrite oxidation in a variety of systems, consideration of non-steady-state conditions is needed.
(c) Rayleigh model versus time-dependent model
Casciotti & Buchwald [79] expanded beyond the steady-state box model employed in earlier studies and introduced an isopycnal model to account for the nonlinear effects of nitrite oxidation on the dual isotopic composition of nitrate. They showed that, unlike the constant effect assumed in previous steady-state models, the isotopic impact of nitrite oxidation on nitrate dual isotopes depends on the relative δ 15 N and δ 18 O values of nitrate and nitrite, as well as the isotope effects for the microbial processes.
Building on these efforts, Casciotti et al. [55] used a time-dependent isopycnal model to investigate the contributions and distributions of nitrite oxidation and nitrite reduction in the upper, middle and lower layers of the ETSP ODZ. This model also allowed the rates of each process to vary with time in the ODZ. By matching model output to measurements of δ 15 N NO 3 , δ 18 O NO 3 and δ 15 N NO 2 , they inferred that a combination of nitrate reduction, nitrite reduction and nitrite oxidation was needed to fit the model to these data. The best-fit model called for rates of nitrite oxidation that exceeded nitrite reduction (fourfold) at low extents of nitrate consumption (at the beginning of the model run) but were fourfold lower than nitrite reduction at high extents of nitrate reduction towards the end of the model run [51] . Nitrite reduction (by anammox or classical denitrification) was needed to explain the accumulation of a DIN deficit but nitrite oxidation was needed to explain the large δ 15 N in the same samples. The amount of nitrite oxidation required to fit the data was in excess of that which could be explained by anammox even if all of the nitrite reduction was due to anammox. Furthermore, nitrite oxidation exceeded nitrite reduction, except in the waters with the highest nitrate deficits.
Another way of viewing the results presented in Casciotti et al. [55] is to compare the observed nitrate and nitrite δ 15 N measurements to a standard Rayleigh model for nitrate reduction (figure 6a), as well as to the time-dependent model results (figure 6b). The nitrate isotope data (figure 6, black circles) fit a Rayleigh model with a 15 ε NAR of 18.5‰ ( figure 6a, solid lines) , while the nitrite isotope data (figure 6, white circles) were depleted in 15 N relative to the expected Rayleigh trend for an accumulated product ( figure 6a, solid lines) , except at the highest extents of nitrate consumption (f = 0.2). The instantaneous product is always more enriched in 15 N (not shown) and therefore produces an even worse fit for δ 15 N NO 2 . Increasing 15 ε NAR to 22.5‰, an upper estimate based on the δ 15 N NO 3 data (figure 6a, dashed lines), does not significantly improve the fit to δ 15 N NO 2 . Decreasing 15 ε NAR to 12.0‰ (figure 6a, dotted lines) makes the fit to both δ 15 N NO 3 and δ 15 N NO 2 worse in this simple Rayleigh model. Therefore, while large δ 15 N values can be generated through nitrate reduction without nitrite oxidation at high extents of nitrate consumption, it is clear that the large δ 15 N values observed at low extents of nitrate consumption (f = 0.7) are not consistent with a Rayleigh instantaneous or accumulated product model for nitrate reduction to nitrite.
Comparing the data to a time-dependent isopycnal model [55] allows the nitrite isotope data to be fit at low extents of nitrate consumption, but only if nitrite oxidation is included in the The best fit to nitrite isotope data (figure 6b, solid lines) includes both nitrate reduction and nitrite oxidation. In addition, the best fit to the nitrate and nitrite δ 15 N data required a large inverse isotope effect for nitrite oxidation ( 15 ε NXR = −32‰) and relatively small isotope effects for nitrate reduction ( 15 ε NAR = 12‰) and nitrite reduction ( 15 ε NIR = 0‰). Increasing 15 ε NAR improved the fit for δ 15 N NO 2 because it further decreased the δ 15 N of newly produced nitrite, but it worsened the fit for δ 15 N NO 3 . Increasing 15 ε NIR increased δ 15 N NO 2 and required more nitrite oxidation to offset it [42] . Forcing the isotope effect for nitrite oxidation to values observed in laboratory cultures of NOB [48, 49] worsened the agreement between δ 15 N NO 2 data and the model results for this parameter. Thus, while there is more nitrite oxidation than can be accounted for by anammox alone, the isotope effect for this anaerobic nitrite oxidation appears similar to that of anammox [43] .
Thus, even with the three processes included in the time-dependent model, it is difficult to fit both the nitrate and nitrite isotope data perfectly. Any changes to model parameters that improve the fit for nitrate isotopes worsen the fit for nitrite isotopes. These models have generally interpreted the nitrate reduction and nitrite oxidation as processes carried out by different groups of organisms acting in concert. However, an alternative explanation for the observed δ 15 N NO 3 and δ 15 N NO 2 distributions includes rapid interconversion between nitrate and nitrite within a single organism [43, 65] . It is likely that other factors are affecting the isotopic distributions such as isopycnal mixing or spatio-temporal separation of processes caused by O 2 fluctuations or organic matter supply. Incorporation of these isotope systems into more sophisticated two-and threedimensional circulation models may provide a more accurate interpretation of the distribution of processes in and around ODZs. However, from this exercise, the strong constraint that nitrite isotopes add to the analysis can be clearly seen. Nitrite oxidation (or interconversion) is required to produce the large δ 15 N at low extents of nitrate consumption ( figure 6 ). This process can also offset the expected 15 N enrichment in nitrite caused by nitrite reduction, which must also be occurring due to the accumulation of DIN deficit [55] and biogenic N 2 [73] . Given that the nitrate reduction/nitrite oxidation cycle is invisible to mass balance constraints, and that nitrate isotope deviations could be explained by a variety of processes, such as the remineralization of newly fixed N [52], the nitrite isotope measurements prove to be a strong constraint.
Another notable finding of this work is that when nitrite oxidation was active, the isotope effect for nitrate reduction inferred from a Rayleigh interpretation of nitrate isotopes was much higher than the inherent isotope effect used in the model [55] . This largely resulted from increasing f (= [NO 3 − ]/[NO 3 − ] initial , or the apparent fraction of initial nitrate remaining) for a given amount of nitrate reduction. In other words, nitrite oxidation may actually affect f more than it affects δ 15 N NO 3 . This suggests that the isotope effect for nitrate reduction is probably lower than the canonical 25‰ inferred from seawater nitrate [67, 69] or sediment δ 15 N records [56, 58, 59] , and more in line with culture studies conducted at low substrate concentrations [39] . A lower isotope effect for nitrate reduction could have implications for closing the marine N budget with current estimates of N 2 fixation [78, 85, 86] . Bourbonnais et al. [73] also found evidence that the isotope effect for dissimilatory nitrate reduction is 16‰, which is lower than the canonical 20-30‰ that has been used for N isotope budget estimates [87] . Their findings support the conclusion by Casciotti et al. [55] that the presence of nitrite oxidation increases the apparent isotope effect for nitrate reduction.
(d) Nitrite dual isotope measurements
In addition to the signals generated in nitrate dual isotopes, nitrite oxidation has a characteristic effect on nitrite dual isotope signals (figure 7). Since the inverse isotope effect for 15 [42] . The dramatically different N isotope systematics of nitrite oxidation and nitrite reduction provide an elegant signal for assessing the relative importance for oxidative and reductive fates for nitrite that has been employed now in all three open ocean ODZs [48, 55, 73, 75] as discussed above. However, the dual isotopes of nitrite have been applied in relatively few studies [42, 71, 73] . Buchwald et al. [71] coded established isotope systematics into a vertical one-dimensional advection diffusion reaction model to analyse the rates of nitrate reduction, nitrite reduction and nitrite oxidation in the CRD, within the ETNP ODZ. This study used nitrite and nitrate isotopes to constrain the ODZ N cycle model, as well as to understand the rate of nitrite turnover based on δ 18 O NO 2 (figure 7a). As oxygen atoms in nitrite exchange readily with water [60, 63, 88] , the δ 18 O of nitrite that accumulates in the water column will gradually approach an equilibrium value (δ 18 O NO 2 ,eq ; figure 7a) at a rate dictated by the temperature and pH of the water [60] . Using the vertical one-dimensional advection-reaction-diffusion model, they found that abiotic exchange was needed to explain the δ 18 O NO 2 signal for samples with δ 15 N NO 2 values less than −25‰ and δ 18 O NO 2 values less than 13‰. The nitrite turnover rate inferred from this model was consistent with a simpler approach based on the disequilibrium between nitrite and water, with both implying a residence time of nitrite in the SNM in the CRD of the order of 100 days. Moreover, they found that nitrite oxidation was needed to explain the low δ 15 N NO 2 values within the ODZ, although the distribution of nitrite oxidation in the ODZ was different than nitrate and nitrite reduction (oxidation being favoured on the upper and lower edges and reduction being favoured in the centre of the ODZ). Overall, the depth-integrated rate of nitrite oxidation equalled that of nitrite reduction in the 200-1000 m depth range. [71] to a region where the effects of both nitrite oxidation and nitrite reduction can be clearly observed in the nitrite dual isotopes (figure 7a). The expected dual isotopic signature of nitrite produced from nitrate reduction falls in the middle of those observations, with nitrite oxidation extending down and to the left and nitrite reduction extending upwards and to the right. It is clear that nitrite in the CRD (figure 7a, white circles) is consistently affected by nitrite oxidation, while nitrite isotope data from the ETSP extends in both directions (figure 7a, black squares). More recent data from Hu et al. [74] from the Peruvian coastal ODZ also show parallel increases in δ 15 N NO 2 and δ 18 O NO 2 , with a trend that roughly matches that of dissimilatory nitrite reduction by the FeNIR [42] (figure 7a, grey squares). These data collected from near-bottom coastal waters had high extents of nitrate and nitrite consumption indicative of extensive DIN loss [74] .
Looking at the direction of δ 15 N NO 2 change as a function of nitrite concentration (figure 7b) gives additional insight into the processes consuming nitrite. As nitrite concentrations decrease, there is a general decreasing trend of δ 15 N NO 2 in the CRD (white circles, figure 7b), while offshore ETSP samples show both increasing and decreasing δ 15 N NO 2 trends (black squares, figure 7b ) and coastal ETSP samples show little change in δ 15 N NO 2 with decreasing nitrite concentration (grey squares, figure 7b ). This is consistent with nitrite oxidation dominating nitrite consumption in the CRD and a mix of nitrite oxidation and nitrite reduction consuming nitrite in the ETSP. The samples from the core of the eddy in the ETSP all increase in δ 15 N NO 2 as concentration decreases, while those outside the eddy decrease in δ 15 N NO 2 as nitrite is consumed. Using these observations, Bourbonnais et al. [73] were able to identify regions of intense nitrite reduction based on elevated δ 15 N NO 2 values (up to 53‰; figure 7) in the core of the ODZ eddy, and estimated for the first time the isotope effect for nitrite reduction from field data to be around 12‰. 2 (slope = 0.64, r 2 = 0.59) suggesting rapid turnover of nitrite in the coastal ODZ, unlike the offshore stations [74] . The extreme levels of nitrate and nitrite consumption in bottom waters suggest that nitrite reduction is an important sink in the anoxic waters and could generate high δ 15 N values in the absence of nitrite oxidation, as described earlier.
Given that the δ 18 O NO 2 data may provide rate information about processes occurring in the SNM, it would be productive to extend the scope of these measurements in additional ODZ studies. Clearly, further work is needed to connect the δ 18 O NO 2 distributions to process rates, and studies combining natural abundance isotope measurements with instantaneous rate measurements (e.g. [7, 71, 89] ) will help place constraints on at least some of the fluxes involved in the local N cycle. Given the relatively short time scale for δ 18 O NO 2 equilibration, these measurements might be more readily compared to isotope tracer incubations than other natural abundance measurements are.
Concluding remarks
The dual isotopic signature of nitrate has provided a rich basis for interpreting processes involved with nitrate production and consumption in the marine environment. It is our expectation that the same will hold true for nitrite isotopes as understanding of how nitrite isotope variations are linked to individual processes is improved. Nitrite isotopes hold a great deal of promise because the presence of nitrite is restricted to specific depths and regions in the ocean, making nitrite isotopes a locally generated signal that does not carry a legacy of N cycling from faraway places as nitrate does. In these regions where an imbalance in nitrite production and consumption processes allows nitrite to accumulate, the central placement of nitrite in the marine N cycle makes it a complex but potentially powerful tracer of marine N cycle processes. As described in this review, a great deal of progress on measuring and interpreting nitrite isotopes in the ocean has been made in the past decade, but much more work remains to be done. The quantity of nitrite isotope data from the ocean at this stage is still quite limited, especially that which includes δ 18 O NO 2 . Additional datasets can help refine our analysis of sources, sinks and turnover times of nitrite from a variety of oceanographic regions and can help us predict when, why and how nitrite will accumulate.
In the PNM, further analysis will help us understand how the mechanisms and rates of nitrite turnover in the PNM depend on environmental conditions. There is good evidence for all of the processes currently hypothesized for nitrite production and consumption ultimately playing a role in nitrite accumulation at various stages of PNM formation. Nitrite isotopes can be used to further interrogate the importance of these processes under different oceanographic conditions. In order to achieve this, further calibration of the O isotope turnover proxy for application in the PNM is needed. For example, the model used to interpret δ 18 O NO 2 variations in the PNM required assumptions about the relative rates of ammonium assimilation and oxidation. By combining measurements of δ 18 O NO 2 with instantaneous rate measurements, we may be able to go much further towards addressing the mechanisms and rates of turnover in the PNM. Also, our understanding of oxygen isotopic systematics of nitrite production and consumption linked to photosynthesis is incomplete. For example, the branching isotope effect associated with assimilatory nitrate reduction is not known. At this point, we assume it is similar to that associated with dissimilatory nitrate reduction [63] , but experiments are needed to confirm this. Likewise, the oxygen isotope effects associated with nitrite assimilation are not currently known. As N isotope effects for this process are quite small [40] , it has been assumed that O isotope effects are also low [60] , but this should be tested further.
In the SNM, the nitrite isotope measurements show a range of patterns between the three main ODZs. Increased data coverage, especially in the ETNP and Arabian Sea, is needed to evaluate whether a fundamental difference in nitrite cycling exists, or whether the apparent differences are due to sampling variable conditions within an ODZ. In these same systems, nitrate isotopes in the SNM follow quite similar patterns, so differences in nitrite isotopes could provide unique regional insights. Application of the nitrite oxygen isotope disequilibrium method in the SNM also holds promise for understanding the sources, sinks and rates of nitrite turnover there [71, 74] . However, better understanding of the oxygen isotope systematics of some ODZ processes is needed, especially for anammox.
Nitrite isotope measurements may also hold promise for investigating N cycling in the Atlantic OMZs and coastal hypoxic regions. While data from the eastern tropical North Atlantic near the Cape Verde Islands has shown that little accumulation of nitrite and little alteration of δ 15 N NO 3 occurs in this Atlantic OMZ [84] , more intense oxygen consumption fostering anaerobic metabolisms can be found in the Benguela upwelling system along the coast of Namibia [21, 90] . While the oxygen levels there are not as widely depleted as in the Pacific ODZs, these regions share some similarities in N cycling. Furthermore, with expansion, shoaling or intensification of oxygen deficiency in the world ocean [91, 92] , the processes involved with N cycling may shift towards a new balance. As illustrated in this review, the balance between oxidative and reductive fates for nitrite should be readily distinguishable, thus inclusion of nitrite isotopes in future work may allow us to track changes in community metabolism and N cycle balance in these OMZ regions.
Ultimately, understanding the fate and controls on nitrite cycling will allow advancements in understanding the global marine N cycle. As nitrite is an intermediate redox species in the N cycle, nitrite can either be retained in a bioavailable form, or lost to gaseous products. As described in this review, the isotope effects for these two fates are fundamentally different and nitrite isotopes may hold a key to understanding these oceanographic processes on a large scale. Also, given that the processes controlling nitrite accumulation are differentially oxygen-sensitive, the localization of nitrite oxidation and nitrite reduction may tell us about the variability in these critical low-oxygen environments and their propensity for change. Given the potential for nitrite isotopes to inform our understanding of N transformations in critical regions of the ocean, a closer look at the dynamics and isotope systematics of this central intermediate is needed.
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